tyrosine dimethyl ester) and N-trimellitylimido-L-methionine using tosyl chloride/pyridine/N,N!-dimethylformamide system as a condensing agent. The resulting new chiral polymer was obtained in good yield and had good thermal stability as well as good solubility in common organic solvents. After that, PEI/titanium bionanocomposites (PEI/TiO 2 BNCs) were prepared using the modified nanosized TiO 2 via sonochemical reaction that can accelerate hydrolysis, increase collision chance for the reactive system and improve the dispersion of the nanoparticles in polymer matrix. The scanning electron microscopy (SEM), field emission scanning electron microscopy (FE-SEM) and transmission electron microscopy (TEM) results indicated that there is no aggregation of a large quantity of particles. Thermogravimetric analysis (TGA) confirmed that the heat stability of the BNC polymers in the temperature range of 400-800ºC was enhanced by addition of TiO 2 nanoparticles. Furthermore, in vitro toxicity test was employed for assessing the sensitivity of these compounds to microbial degradation. To this purpose, polymer and PEI/TiO 2 BNCs were investigated under soil burial conditions. The results of this study revealed that polymer and its BNCs are biologically active and non-toxic in the natural environment although some antimicrobial properties were found for BNCs.
Introduction
The last decade has seen the improvement of an alternative chemistry, which intends to decrease the human impact on the environment. The biopolymers are noticeably involved in this tendency. However, even if much commercial merchandise is attainable, their current properties (mechanical properties and moisture sensitivity) have to be improved to be truly competitive with the petroleum-based products [1] . One of the most promising responses to conquer these weaknesses is designing bionanocomposites (BNC)s consisting of a biopolymer matrix reinforced with nanoparticles having at least one dimension in the nanometer range (1-100 nm) [2] . These hybrid materials combine the advantages of the organic biopolymers (light weight, flexibility, good impact resistance, good processability and biodegradability) and inorganic nanofiller materials (good chemical resistance, high thermal stability, and high brittleness). Thus they create several industrial applications [3] [4] [5] . For producing suitable BNCs, it is necessary to disperse the inorganic materials such as nanoparticles in organic matrices. A homogeneous dispersion of the nanoparticles is believed to contribute better to the property enhancement. However, nanoparticles aggregate easily and difficult to disperse them in a solvent or polymer matrix because of their high specific surface area and surface energy. Some technical routes, such as encapsulating polymerization [6] , solution intercalation [7] , latex precompounding [8] , ultrasonic irradiation [9] and the use of different coupling agents [10] were developed for enhancing the dispersion state of nanoparticles in polymer matrix. However, the sonochemical method has been reported to be faster than aforementioned techniques. The main advantage in sonochemical experiments is that it is rather inexpensive. Sonochemistry, the chemical effects of high intensity ultrasound, is a topic of resurging interest for its biological, synthetic and catalytic relevance. Ultrasonic irradiation arisen from acoustic cavitation can produce hot spots with transient temperatures of about 5000 K, and local pressure as high as 500 atm in a very rigorous environment. Hence, the utilization of ultrasound to improve the rate of reaction has become a routine method in scattering, crushing, and activation of particles, as well as initiation of polymerization [9, [11] [12] [13] [14] . Among many inorganic nanoparticles, nanosized titanium dioxide (TiO 2 ) is one of the most encouraging inert, nontoxic, and cheap materials in research because of its versatile functions such as antifouling, antimicrobial, deodorizing and photovoltaic effects [15] . Therefore, it has a widespread range of applications, e.g. in filters, lenses, reflectors, optical adhesives and antireflection films [16] [17] [18] , optical waveguides [19] , photochemical solar cells [20] , and TiO 2 -based photocatalytic detoxification of air and water for environmental remediation [21] [22] [23] [24] . Owing to the escalating performance characteristics demanded on polymers in various fields, use of poly(ester-imide)s (PEI)s because of favorable properties, such as good heat resistance, mechanical strength, electrical insulation and other physical properties are growing steadily. As a matter of fact, PEI is the combination of polyimide and polyester which could have properties of both of them and provides good balance between thermal stability and processability [25] [26] . Among the PEIs, chiral ones are important polymers in macromolecular science. In general, the synthesis of optically active synthetic polymers is a subject of special interest because of their applications to chromatographic supports, catalysts and materials with ferroelectric and nonlinear optical properties. The optical activity of the polymer can be tuned by choosing a suitable chiral initiator or by starting from a chiral monomer [27] .
In this work, a novel PEI containing L-methionine and L-tyrosine amino acids in the main chain was prepared via direct polycondensation reaction. Then, optically active PEI/TiO 2 BNCs were synthesized through a simple and convenient ultrasonic wave dispersion process of modified nanoparticle with coupling agent. The resulting BNC polymers are characterized by several techniques including Fourier transform infrared spectroscopy (FT-IR), powder X-ray diffraction (XRD), thermogravimetric analysis (TGA) and their morphology were investigated by field emission scanning electron microscopy (FE-SEM), scanning electron microscopy (SEM) and transmission electron microscopy (TEM) analysis.
Experimental 2.1. Materials
All chemicals were purchase from Fluka Chemical Co. (Buchs, Switzerland), Aldrich Chemical Co.
(Milwaukee, WI), Riedel-deHaen AG (Seelze, Germany) and Merck Chemical Co. N,N!-Dimethyformamide (DMF) and pyridine (Py) were dried over barium oxide (BaO) and then were distilled under reduced pressure. The coupling agent (3-aminopropyltriethoxysilane) (KH550), was obtained from Merck Chemical Co. Nanosized TiO 2 powder which contain mostly anatase form with small percentage of rutile form was purchased from Nanosabz Co. with average particle sizes of 30-50 nm. The amino acids were used as obtained without further purification.
Characterization
Infrared spectra of the samples were recorded at room temperature in the range of 4000-400 cm -1 , on (Jasco-680, Japan) spectrophotometer. The spectra of solids were obtained using KBr pellets. The vibrational transition frequencies are reported in wave numbers [cm -1 ]. Band intensities are assigned as weak (w), medium (m), strong (s) and broad (br).
Proton nuclear magnetic resonance ( 1 H-NMR spectra, 500 MHz) were recorded in N,N!-dimethylsulfoxide (DMSO)-d 6 solution using a Bruker (Germany) Avance 500 instrument. Multiplicities of proton resonance were designated as singlet (s) and multiplet (m). Inherent viscosity was measured by a standard procedure with a Cannon-Fenske (Mainz, Germany) routine viscometer. Specific rotation was measured with a Jasco (Osaka, Japan) P-1030 polarimeter at the concentration of 0.5 g/dl at 25ºC. TGA data were taken on STA503 WinTA instrument in a nitrogen atmosphere at a heating rate of 10ºC/min. Elemental analyses were performed by Leco, CHNS-932. The XRD patterns of the polymer and BNC polymers were recorded by employing a Philips X'PERT MPD diffractometer with a copper target at 40 kV and 30 mA and Cu K " radiation: # = 1.54 Å in the range 10-80º at the speed of 0.05º/min. To clarify the nanoscale structure, TEM (CM 120, Philips) was also used, at an accelerating voltage of 100 kV. For TEM, BNCs were suspended in water and a small drop of suspension was deposited on the carbon coated copper grid. SEM measurements of polymer and BNC polymers were carried out on a Philips XLC with backscattered electron detector at voltage of 20 kV. Small pieces of samples were mounted onto stubs using adhesive tapes and sputtered with a gold layer. Surface morphology and sample homogeneity of BNC polymers were characterized using FE-SEM (JSM-6700F, Japan).
Apparatus
The reaction was occurred on a MISONIX ultrasonic liquid processor, XL-2000 SERIES. Ultrasonic irradiation was carried out with the probe of the ultrasonic horn immersed directly in the mixture solution system with frequency of 2.25·10 4 Hz and 100 W powers.
Monomer synthesis N-Trimellitylimido-L-methionine 1 as a diacid and N,N!-(pyromellitoyl)-bis-L-tyrosine dimethyl ester
2 as a diphenolic monomer were prepared according to our previous works [28, 29] .
Polymer synthesis
The PEI was prepared by the following procedure and is shown in Figure 1 . A solution of Py (0.20 ml) with tosyl chloride (TsCl) (0.29 g; 1.55·10 -3 mol) after 30 min stirring at room temperature, was treated with DMF (0.09 ml; 1.22·10 -3 mol) for 30 min and the mixture was added dropwise to a solution of diacid (2) (0.10 g; 3.09·10 -4 mol) in Py (0.20 ml). The mixture was maintained at room temperature for 30 min and then diol (1) (0.18 g; 3.09·10 -4 mol) was added to this mixture and the whole solution was stirred at room temperature for Figure 1 . Synthesis of the PEI [3] 30 min and then at 120ºC for 4 h. As the reaction proceeded, the solution became viscous and then the viscous liquid was precipitated in 30 ml of methanol to give 0.24 g pale brown powder PEI (93% yield) and the specific rotation was measured (["] D 25 = + 18). 
FT-IR Peaks

Preparation of PEI/TiO 2 BNCs through
ultrasonic irradiation TiO 2 nanoparticles were chemically modified using ultrasonic reaction to obtain the KH550-capping TiO 2 particles. Typically, TiO 2 nanoparticles (0.30 g) were added into acetone (10 ml), and 10% weight percentage of KH550 was dissolved in H 2 O (10 ml). The mixture was then exposed to high-intensity ultrasound irradiation for 30 min. After that it was centrifuged and dried. PEI was dispersed in 20 ml of absolute ethanol. A uniform colloidal dispersion was obtained after ultrasonication for 15 min at room temperature. The suspension was mixed with the appropriate amount of TiO 2 -KH550 powder to produce 5, 10, 15, 20 and 25% W/W based on the PEI content followed by irradiation with high-intensity ultrasonic wave for 4 h at room temperature [30, 31] . After irradiation, the resulting suspension was centrifuged, and the precipitate was washed twice with absolute ethanol. The solid was dried in vacuum at room temperature for 8 h and the obtained product was kept for further characterization. The process is described in Figure 2. 
Soil burial test of PEI/TiO 2 BNCs
The bioactivity of the PEI/TiO 2 BNCs was checked during natural soil burial for 3 months. Thirty-mg specimens of diacid, and obtained polymers of PEI and PEI/TiO 2 BNC (10 wt%) were buried in the soil by mixing with 1.5 g clay-loam soil in 1.5 ml plastic vials. Samples were incubated at almost constant temperature of 28°C for three months. The moisture content was maintained at 60-70% of the soil maximum water holding capacity. Also, the vials were capped to avoid water evaporation from the soil surface. After 90 days, the buried specimens were dug out, immersed in distilled water and water extracts of samples were inoculated on Potato Dextrose Agar (PDA) medium by streak culture and soil microbial population as the number of bacterial and fungal colony forming units (CFUs) per 100 %l of water extract was counted. Soil free of any compound and BPA-containing soil were used as negative and positive control, respectively, for comparison.
Effect of PEI/TiO 2 BNCs on growth of
wheat seedlings Plastic vials with capacity of 1.5 ml were used, each receiving 30 mg of each compound including diacid, obtained polymer and PEI/TiO 2 BNC (10 wt%) in three replications. Vials were incubated at 23-25°C, with a saturated humidity at dark for 3 months. After this period, wheat seeds were pre-germinated on distilled water humidified germination paper, during a period of five days in a germination chamber under controlled conditions (temperature of 25ºC and photoperiod light and dark of 14/10 h). Then, an individual germinated wheat seed was put on the soil in the center of each vial so that rootlet was in contact with soil. Seedlings were grown in a glass box with 80% humidity and observations were made on seedling growth. Plants were harvested 20 days after transplanting. Shoot length was measured using a ruler, and then seedlings were dried at 65ºC for 48 h for total dry matter measurement.
3. Results and discussion 3.1. Polymer synthesis PEI was synthesized by the direct polycondensation reaction of an equimolar mixture of diol 1 with diacid 2 in a system of TsCl/Py/DMF as condensing agent (Figure 1 [32] . It was determined that a molar ratio of diacid over TsCl equal to 5 and the reaction time of 4 h are required to produce a polymer with better yield and inherent viscosity. Further addition of TsCl did not improve the inherent viscosity of polymer and also caused the diminution of yield. The reaction was also run at 120°C as proposed by Higashi et al. [33] . The inherent viscosity of the resulting polymer under optimized condition was 0.41 dl/g and the yield was 93%. The incorporation of chiral units into the polymer backbone was obtained by measuring the specific rotation of polymer which show optical rotation and therefore is optically active ( 
Polymer characterization
The resulting polymer was characterized by FT-IR, 1 H-NMR spectroscopy techniques and elemental analyses. The FT-IR spectrum of PEI (Figure 3 , curve c) exhibited characteristic absorptions of imide and ester groups around 1777 and 1722 cm -1 , which are related to carbonyls stretching of imide and ester groups, respectively. The peaks at 1382 and 727 cm -1 show the presence of the imide heterocy-cle in this polymer. The 1 H-NMR spectrum (500 MHz) of PEI is shown in Figure 4 . In the 1 H-NMR spectrum of this polymer, the appearance of the methoxy protons (OCH 3 ) at 3.67 ppm as single peak indicates the presence of ester groups in the polymers side chain. The protons of the three chiral centers appeared at 5.31 ppm. The resonance of the diastereotopic hydrogens bonded to neighbor carbon of chiral centers appeared in the 2.58-2.63 and 3.00-3.54 ppm. The resonance of aromatic protons appeared in the range of 6.85-8.42 ppm. Elemental analysis values of the resulting polymer are also in good agreement with calculated values of carbon, hydrogen, nitrogen and sulfur in the polymer.
Preparation of PEI/TiO 2 BNCs
Nanoparticles have a strong tendency to agglomerate because of their high surface energy. To break down the nanoparticles agglomerates and improving the dispersivity of nanosized TiO 2 in polymer matrix, in this study, ultrasonic irradiation was employed to synthesize the BNC polymers. However, this approach will be restricted due to the limited interaction between the inorganic materials and the polymeric matrix, compared with the very strong interaction between individual nanoparticles. To attain proper dispersion of nanoparticles within polymer matrix and to yield a better compatibility between the nanoparticles and host polymeric materials, surface-modification is used for producing nanostructural composites. The sonochemical reaction supplies appropriate reaction temperature to accelerate the hydrolysis of KH550. Furthermore, the microjets and shock waves created by intense ultrasonic waves in solution play a significant role in the combination of hydrolyzed KH550 and TiO 2 sol. In this condition, the collision chance of KH550 anchored onto the surface of TiO 2 sol particles is greatly increased [34] . Silanol groups of KH550 generated by hydrolysis can interact with hydroxyl groups on the TiO 2 surface and form the modification layer with -NH 2 groups. Inasmuch the resulting PEI has lots of polar groups such as carbonyl, nitrogen and sulfur; the modified nanoparticles might be dispersed absolutely and will combine with PEI by different connections such as hydrogen bond, and also short-ranged steric and electrical interactions [35] . The details of the fabrication mechanism are displayed in Figure 2 . Dispersion of nanoparticles in the polymer matrix can be observed from the photographs of TEM, FE-SEM and SEM.
Infrared study
FT-IR spectroscopy studies yielded useful qualitative information on the PEI/TiO 2 BNCs. Figure 3 shows the infrared spectra of pure TiO 2 nanoparticles (a), KH550-modified-TiO 2 (b), pure PEI (c) and PEI/TiO 2 BNC (10 wt%) (d). In the spectrum of pristine TiO 2 , OH stretching band and bending band are observed at 3423 and 1637 cm -1 , respectively. The observed broader bands at 3500 and 3422 cm -1 were attributed to hydroxyl groups on different sites and some varying interactions between hydroxyl groups on TiO 2 , respectively [31] . A broad absorption peak at 500-800 cm -1 is assigned to the Ti-O-Ti stretching band. As a result, the presence of KH550 on the surface of TiO 2 was confirmed by the characteristic peaks of CH stretching band at 2870-2928 cm -1 in the infrared data of KH550-modifiedTiO 2 nanoparticles compared to the infrared data of pure TiO 2 . The N-H bending vibration of primary amine is observed around 1605 cm -1 . In addition, the broad band around 1050 cm -1 corresponded to Si-O-Si bond is observed which indicates the condensation reaction between silanol groups. It is assumed that KH550 is adhering to the nano-TiO 2 particles possibly by coating. FT-IR spectrum of PEI/TiO 2 BNC (10 wt%) is shown in Figure 3d , where the characteristic peaks of pure PEI and TiO 2 are still maintained, it may be proved that the structure of PEI was affected by the presence of TiO 2 . FT-IR spectra of BNC polymers with different amounts of TiO 2 (5, 10, 15, 20, 25 wt%) nanoparticles ( Figure 5) shows the intensity of Ti-O-Ti stretching band raise with an increase of TiO 2 nanoparticles content in PEI. not been disturbed during the process. Also, the broad weak diffraction peak of PEI still exists, but its intensity decreases. It implies that the composite sample has a more ordered arrangement than the bare polymer owing to the TiO 2 .
X-ray diffraction data
The average crystalline size of nano-TiO 2 , which is determined from the half-width of the diffraction using the Debye-Scherrer equation, is approximately 20 nm for PEI/TiO 2 BNC (10 wt%) and 16 nm for PEI/TiO 2 BNC (5 wt%). Sherrer's Equation (1) is as follows: (1) where D is the crystallite size, " is wavelength of the radiation, ! is the Bragg's angle and # is the full width at half maximum [36] .
Morphology observation
SEM micrograph (Figure&7) of the PEI containing no TiO 2 nano particles is shown in Figure 7a . It has a surface with no evidence of surface topography observed at the magnification used during SEM observations. Representative SEM images of PEI/ TiO 2 BNC (5 wt%) (b, c) and PEI/TiO 2 BNC (10 wt%) (d) as well as FE-SEM pictures of PEI/ TiO 2 BNC (10 wt%) are exhibited in Figure 8 and presented a homogeneous microstructure and con- firmed that the TiO 2 nanoparticles appear on the PEI surface in nanoscale comparing with surface of pure PEI. Figure 9 shows the morphology of PEI/TiO 2 BNC (5 wt%) as obtained by TEM micrographs which demonstrated some distinctive domains and dispersion of TiO 2 nanoparticles (about 50 nm) in the PEI matrix.
Thermal properties
Thermogravimetric analysis was applied to evaluate the thermal properties of the PEI and PEI/TiO 2 BNCs at a heating rate of 10ºC/min, under a nitrogen atmosphere. Figure 10 demonstrates the respective TGA profiles and the corresponding thermoanalysis data, including the temperatures at which 5% (T 5 ) and 10% (T 10 ) degradation occur. Char yield at 800ºC and also limiting oxygen index (LOI) based on Van Krevelen and Hoftyzer equation (Equation (2)) are summarized in Table 1 [37]:
where CR = char yield. From these data it is clear that the PEI is stable to 300ºC and introduction of inorganic nanoparticles in polymer matrix induced the thermal properties to rise. However, the initial temperature of the bionanocomposites weight loss was not increased considerably with increasing TiO 2 content until at a weight loss of 40%. Increasing in the thermal stabil- ity may happen as an effect of the high thermal stability of TiO 2 network and the physical crosslink points of the TiO 2 particles, which may restrict the movement of the molecular chain of PEI. Subsequent to addition of TiO 2 nanoparticles with high melting point to the polymer matrix, the TiO 2 particles can serve as a good thermal cover layer, avoiding the direct thermal decomposition of polymer matrix by heat. Also, TiO 2 nanoparticles offer a larger surface area and enhance the effect of thermal cover [38, 30] . The char yield of pure PEI at 800ºC is 34%, whilst those of the bionanocomposites (PEI/TiO 2 BNC 5, 10, 15, 20, 25 wt%) at 800ºC are in the range of 43-52%, and this increases with an increase of TiO 2 nanoparticles content in the PEI. On the basis of LOI values (34) (35) (36) (37) (38) , all macromolecules can be classified as self-extinguishing BNC polymers.
Soil burial study
The enzymatic biodegradation of a polymer depends on the microbial populations, the pH-value, temperature, moisture, low glass temperature (high mobility), and low crystallinity. Therefore higher microbial population could be correlated to higher biodegradation. A lower colonial growth of bacteria and fungi was observed from water extract of soil containing PEI/TiO 2 BNC (10 wt%) compared with PEI ( Figures 11 and 12 ). This result may indicate that degradation of PEI should be faster than PEI/TiO 2 BNC (10 wt%) because the former is more attacked by microorganisms. This was confirmed by higher colony count of bacteria and fungi on the media of PEI water extract compared with control soil and soil containing toxic BPA (Table 2) . Evidently, this may suggest slight antimicrobial activity of PEI/TiO 2 BNC buried in the soil. Some other experiments also showed that the antimicrobial activity of the nano-TiO 2 composites increases with increasing concentration [39] and higher antimicrobial behavior will reduce biodegradation of the polymer in the soil. It may be recommended that for synthesis of biocompatible polymers, low concentration of TiO 2 must be used.
Wheat growth bioassay
The total dry matter provides the best indication of an adverse plant response to toxic substances and it has been found that wheat is sensitive plant to toxicity of organic wastes in plant growth bioassays. The application of PEI/TiO 2 BNC (10 wt%) in the soil did not present significant negative effects on total dry matter production compared with PEI ( Figure 13 ). However, compared to the control (Table 3) , both compounds reduced total dry matter, and shoot length probably due to lower availability of nutritional elements. These results show that both PEI and PEI/TiO 2 BNC (10 wt%) probably have no toxicity for plant growth and are highly compatible with natural ecosystems providing low concentration of TiO 2 in polymer structure.
Conclusions
In summary, a new thermally stable and optically active PEI was synthesized by direct step-growth polycondensation of N,N!-(pyromellitoyl)-bis-(Ltyrosine dimethyl ester) as an optically active aromatic diol with N-trimellitylimido-L-methionine using TsCl/DMF/Py as a condensing agent. Ultrasonic process was applied as a profitable route for the modification of TiO 2 nanoparticles with KH550 followed by synthesis of the PEI/TiO 2 BNCs. TEM analysis showed dispersion of TiO 2 with average particle sizes about 50 nm in the polymer matrix. Also, morphological study of synthesized BNCs exhibited the TiO 2 nanoparticles mostly dispersed homogeneously on the polymer matrix by FE-SEM analysis. According to the LOI values, obtained BNC polymers can be categorized as self-extinguishing materials. FT-IR and XRD data also established that TiO 2 nanoparticles exist in the PEI matrix. The presence of natural amino acids in the PEI combined with bioactive TiO 2 nanoparticles made these BNC polymers capable to be potentially bioactive. To ensure real bioactivity and safe incorporation of these materials in the geochemical life cycle, in vitro soil burial and plant bioassay tests were performed. The results illustrated that synthesized polymers could be probably decomposed by soil microorganisms; however, the addition of TiO 2 resulted in a decrease in the microbial population due to its antimicrobial activity, and high biodegradability of PEI/TiO 2 BNC depends on low concentration of incorporated titanium dioxide. 
